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I t was repeatedly stressed in the literaturel, 2, 4 that carbonyl olefination is intrinsically a stereo-unselective reaction, a fact that would of course greatly limit its use. Having as an objective the synthesis of certain types of unsaturated natural substances, the authors of the present paper and their collaborators some years ago began a systematic study of the stereochemistry of this reaction to see whether conditions could be evolved under which it would become stereospecific and could thus be employed in such synthesis. It was found in fact that by correct selection ofthe environmental conditions and structurally suitable reactants steric control of the reaction with respect to aldehydes could be achieved. The following is a more detailed discussion of the results we have obtained so far.
The reaction with ketones follows a more complicated course and we are still in the progress of its study.
It may be considered as quite certain that carbonyl olefination proceeds via the intermediacy of a betaine type compound which is usually ascribed the structure (111); the latter is supported by some indirect evidencelO, Ht.
The betaine then undergoes decomposition into olefin and phosphine oxide evidently by way of the cyclic transition state (IV), although there is as yet no experimental evidence that would confirm this assumption . The rates of the separate stages of carbonyl olefination have as yet been little investigated. Available kinetic data show that sometimes the slowest stage of the reaction is formation of the betaine (for instance in the reaction of benzaldehyde with the stable carbethoxymethylenetriphenylphosphoranell-13), whereas at other times (for instance in the reaction of benzaldehyde with the unstable methylenetriphenylphosphorane13) it may be de .. composition of the betaine. I t has been shown that at least in some cases betaine formation is reversible12, 13.
Since carbonyl olefination Ieads to a mixture of cis and trans olefins, the intermediate betaine (III) should form as a mixture of erythro and threo diastereomerst. If the rate-determining step is betaine formation, the latter will determine the steric course of the entire reaction. In the general case the most stable conformation of the betaine complies to two conditions: (i) oppositely charged centres of the molecule should be at minimum distance;
(ii) the most bulky substituents must be at maximum distance.
A consideration of molecular models shows that in the reaction between alkylidene-or benzylidenetriphenylphosphoranes and aldehydes, the phosphorus atom and its three phenyl substituents is the most bulky grouping. Because of its size, any eclipsed conformations, including the one with minimum distance between the positive phosphorus and negative oxygen cannot be realized without considerable distortion of the molecular parameters. The most stable conformations of the erythro and threo betaines are then (V) and (VI), with skewed phosphorus and oxygen atoms and transoid phosphorus and R' substituent. It can be seen from the diagrams presented here that in the most stable conformation the erythro betaine t Since there is as yet no direct experimental proof of the structure of the betaines, in principle they may also be assigned the structure (lila), resulting from nucleophilic attack of the ylid phosphorus by the carbonyl oxygen:
Structure (lila) must be taken into account when the ylid carbon atom is of diminished nucleophilicity, or when it is difficultly accessible.
t The term erythro refers to the betairre whose configuration is such that in one of its eclipsed conformations the H-atoms, and the R and R' substituents respectively are side by side. The term threo refers to the other diastereomer ( see ref. 14) .
(V) differs from the threo (VI) by unfavourable interaction between the substituent R and the oxygen atom. Such reactions therefore give predominantly trans-olefins, although in general they should not be expected to display a considerable degree of stereoselectivity. An entirely different picture arises when factors that greatly influence the stability of one of the stereoisomeric betaines come into play. This may occur for instance when a polar grouping such as carbonyl is attached to the cx-C-atom of the ylid. I t can readily be seen that formation of the erythro betaine (VII) will now be hindered by mutual repulsion of the negative groups and this should result in faster forma tion of the threo than of the erythro isomer. This is one of the reasons for the practically solely trans-olefin formation in
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erythro cis threo trans the reaction between aldehydes and alkylidenetriphenylphosphoranes with an oc-carbonyl or carbonyloxy group12, 15-19. A similar effect could be expected when there is a negative grouping on the phosphorus atom. Thus repulsion between the negative oxygen atoms makes the conformations (IX) and (X) of the betaines the most preferred. At maximum distance between the oxygen atoms highly unfavourable interaction will occur between the phosphorus-containing grouping and the R' substituent in the erythro betaine (IX), so that the threo betaine (X) and hence the trans-olefin should form predominantly. On the other hand we observed that certain environmental factors (e.g. polar solvents, Lewis bases) may promote formation of erythro betaines17-19, 21. Thus, for instance, in the reaction of benzylidenetriphenylphosphorane with propionaldehyde or benzaldehydein dimethylformamide, the relative yield of cis-olefins is higher than in benzene (see Table 1 ).
The cis effect of dimethylformamide ( and other polar solvents) is due to formation of solvate sheaths around the oxygen and phosphorus atoms of the betaine. Their presence lowers the electrostatic attraction between the oxygen and phosphorus which therefore ceases to be the factor determining the most stable conformation of the betaine. For the solvated betaine, the most stable conformation is that with transoid solvated groups. In this conformation the erythro betaine (XI) now has less energy than the threo form (XII) so that under solvating conditions the relative rate of formation of the former isomer increases. 
The steric effect of polar solvents naturally depends upon the structure of the reactants and on the stability of the ylids. In particular with the stable carbalkoxymethylenetriphenylphosphoranes or phosphinoxide and phosphorrate carbanions the stereochemistry of the reaction is practically unaffected by solvent species and almost exclusively trans-olefins are formed 17-20. On the other hand it turned out that on passing from benzene to dimethylformamide the yield of cisisomer may sharply increase (up to 90 per cent or higher) when aliphatic aldehydes react with alkylidenetriphenylphosphoranes not stabilized by unsaturated or aromatic groupings at the ylid C-atom23. We took advantage of this to carry out the stereodirected synthesis of cis-ethylenes (see below).
A similar effect on the stereochemistry of carbonyl olefination is displayed by extraneous inorganic ions. We showed that halide ions17-19 behave like Lewis bases towards alkylidenetriphenylphosphoranes. As such they are capable of coordinating with the ylid phosphorus, tending to increase its electronic octet to a decet. Coordination is facilitated by the transition of phosphorus from the tetrahedral to the trigonal-bipyramidal configuration, wherein the three phenyl substituents become coplanar.
As a result ofinteraction with the halide, repulsion between the electronic shells of the latter and oxygen will become a determinative factor in the stability of the betaine conformations.
It is now the erythro betaine (XIII) which becomes the energetically preferred isomer (the thero compounds (XIV) being destabilized by steric repulsion ofthe skewed Rand R' substituents) and this increases the probability of cis-carbonyl olefination. Likewise, the stereochemistry of carbonyl olefinition may depend also on the presence of extraneous cations, coordinating as Lewis acids with the carbonyl oxygen. 
Irans
It should be mentioned that while halide ions and other Lewis bases (for instance primary amines18) promote the formation of cis-isomers they diminish the reaction rate, lowering the over-all yield of olefin. This is due to the fact that coordination with Lewis bases makes the phosphorus atom sterically less accessible and at the sametime enhances its electronic density, hindering formation of the four-membered transition state.
I t should also be pointed out that the effect of solvents and halides on the stereoselectivity of carbonyl olefination may become much more complicated if the betaines form faster than they decompose, since now reversible dissociation of the betairres into the initial reactants becomes possible. When this occurs the steric course of carbonyl olefination depends on the relative energies of the Stereoisomerie betairres not only in the most stable conformation, but also in the eclipsed, reacting conformation22 closely allied to the four-membered transition state. lf the reacting betaine conformations are sufficiently well differentiated energetically, the over-all equilibrium will be shifted in the direction of the betaine that more readily decomposes into olefin and phosphinoxide. This can Iead to stereoselectivity, even when the diastereomeric betaines in the most stable conformations differ little in energy. For instance, the reaction of benzylidenetriphenylphosphorane with propionic aldehydein benzerre affords about 80 per cent trans-ß-ethylstyrenel8, Such high selectivity is hard to explain merely by the small difference in steric interaction between the non-bonded substituents in the threo and erythro betairres (XV) and (XVI). Apparently an important part is played here by the fact that maximum overlapping of the 1r-electrons of the phenyl ring and ofthe newly forming ethylenic bond (coplanarity factor) is possible only in the case of (XVa).
The coplanarity factor has a similar influence on the rate of erythro and threo betaine decomposition in the case of ylids with a carbonyl group on 0 ~0
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the oc-C-atom. Moreover, as was shown above (p. 273), the threo isomer now forms preferentially ( owing to repulsion of the like charged groups). Apparently the reinforeerneut of these two effects by one another is responsible for the high stereoselectivity of the reaction of such ylids (sec below). We have shown23 that suppression of the reversible dissociation of the betaines by excess reactant may be utilized for controlling the steric direction of the reaction. Thus olefination of benzaldehyde by one equivalent of propylidenetriphenylphosphorane (in benzene in the presence of Lil) gives predominantly trans-ß-ethylstyrene, whereas two equivalents of the same ylid turns the reaction in the direction of the cis-isomer ( Table 2) . Similar increase in relative yield of the cis-isomer is observed with twofold excess of propionaldehyde. It follows from the above that the stereochemistry of carbonyl olefination depends both on the structure of the reactants and on those environmental conditions that affect the equilibrium between the betaine and the initial reactants and its rate of decomposition into olefin and phosphine oxide. Therefore, when we attempt to control the steric course of the reaction between a given ylid and a given carbonyl compound, we must not only take into account the influence of such factors as temperature and the nature of the solvent, but the solubility of the ylid and betaine, the quantitative t!j ~ ratio of the initial reactants, and also the effect of salts that may be present in the reaction mixture. The discrimination between these factors and appraisal of their relative importance is a very complicated task, since the carbonyl olefination reaction is often carried out in heterogeneaus medium and in the presence of alkaline metal halides, capable of forming complexes with both the ylid and the betaine, while the dissociability of these complexes and their solubility, in turn, may affect the equilibrium and relative rates of the various reaction stages. Despite these complicating factors, there are still wide possibilities for selective trans-or cis-olefination of aldehydes by various ylids and these have been realized in a nurober of cases.
Thus, it was possible to achieve almost entirely trans-carbonyl olefination using diphenylphosphinoxide and diethylphosphonate ions, (XVII) and (XVIIa), and using carbethoxymethylenetriphenylphosphorane (XVIII) and its vinylogues (XVIIIa) [17] [18] [19] [20] 24 as olefinating agents. 
I t is noteworthy that in all such cases, the selective trans direction of the reaction is almost independent ofthe polarity ofthe solvent, the temperature, the presence and nature of Lewis bases and other environmental conditions (see Table 3 ).
Of importance from a preparative point of view is that ß,y-unsaturated phosphoranes (XIX; R' = Alk) also yield predominantly trans-olefins (XX), although the steric direction is in this case somewhat more under the influence ofvarious environmental conditions (see Table 4 )25. Trans-olefination of aldehydes usually cannot be realized in the case of non-stabilized alkylidene and arylidenetriphenylphosphoranes. One of the obstacles to selective trans-carbonyl olefination is that owing to their instability the ylids cannot be isolated in the pure state and ordinarily contain halide salts, promoting formation ofthe cis-isomers. On the other hand in some cases the correct choice of halide salts, solvents and other environmental faetors makes it possible to achieve an almost eomplete stereoselective cis-olefination of aldehydes. For instance by earrying out the reaetion of w-carbethoxyalkylidenetriphenylphosphoranes (XXI, n > 5) with aldehydes in a strongly polar solvent (e.g. dimethylformamide) in the presenee ofiodide ions and excess ylid, we were able to increase the relative yield of cis-isomer to 90 per eent, synthesizing a number of natural cismonoenic acids26-2B.
Utilizing the prineiples underlying the steric eontrol of earbonyl olefination, the directed synthesis of all possible Stereoisomerie 1,4-substituted buta-1,3-dienes RCH=CHCH=CHR25, 29 ean be realized eomparatively easily. Thus eondensation of saturated aldehydes with trans-ß,y-unsaturated phosphoranes (XXII) makes it possible to construct the trans-trans dienie system, whereas condensation of trans-oc,ß-unsaturated aldehydes (XXIII) with alkylidenetriphenylphosphoranes (under cis-olefination eonditions) Ieads to trans-cis dienes. Another route to trans-cis dienes is based on transolefination of aldehydes with cis-ß,y-unsaturated phosphoranes (XXIV)~ which, as it turned out, under the reaetion eonditions, practieally do not transform into the trans-isomers. The cis-cis dienie system can in principle be made by cis-olefination of cis-oc,ß-unsaturated aldehydes, but owing to the tendeney of the latter to isomerize, it is better to start with substituted propiolic aldehydes (XXV). Stereoselective carbonyl olefination also makes possible synthesis of polyenic compounds containing a system of isolated double bonds of definite configuration.
Thus on the basis of the cis-carbonyl olefination reaction two new routes to compounds containing the biologically important cis-cis divinylmethane system have been developed. Of these the first usually gives the purer products. By means ofthese methods linoleic acid (XXVIII, m = 7, n = 4) and other natural acids of the cis-cis-divinylmethane pattern have been syn thesized 32 It can thus be seen that study of the stereochemistry of carbonyl olefination provides a new approach to the synthesis ofvarious naturally occurring products and a deeper insight into the mechanism ofthis important reaction.
